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A base-modified nucleoside analogue, �-D-N4-hydroxycytidine (NHC), was found to have antipestivirus and
antihepacivirus activities. This compound inhibited the production of cytopathic bovine viral diarrhea virus
(BVDV) RNA in a dose-dependant manner with a 90% effective concentration (EC90) of 5.4 �M, an observation
that was confirmed by virus yield assays (EC90 � 2 �M). When tested for hepatitis C virus (HCV) replicon
RNA reduction in Huh7 cells, NHC had an EC90 of 5 �M on day 4. The HCV RNA reduction was incubation
time and nucleoside concentration dependent. The in vitro antiviral effect of NHC was additive with recom-
binant alpha interferon-2a and could be prevented by the addition of exogenous cytidine and uridine but not
of other natural ribo- or 2�-deoxynucleosides. When HCV RNA replicon cells were cultured in the presence of
increasing concentrations of NHC (up to 40 �M) for up to 45 cell passages, no resistant replicon was selected.
Similarly, resistant BVDV could not be selected after 20 passages. NHC was phosphorylated to the triphos-
phate form in Huh7 cells, but in cell-free HCV NS5B assays, synthetic NHC-triphosphate (NHC-TP) did not
inhibit the polymerization reaction. Instead, NHC-TP appeared to serve as a weak alternative substrate for the
viral polymerase, thereby changing the mobility of the product in polyacrylamide electrophoresis gels. We
speculate that incorporated nucleoside analogues with the capacity of changing the thermodynamics of
regulatory secondary structures (with or without introducing mutations) may represent an important class of
new antiviral agents for the treatment of RNA virus infections, especially HCV.

Hepatitis C virus (HCV) is one of the most important Fla-
viviridae infections in humans and is responsible for the second
most common cause of viral hepatitis. Presently, nearly 2% of
the U.S. population, and an estimated 170 million people
worldwide, are HCV carriers (2). The only approved therapy
for chronic hepatitis C is alpha interferon (IFN-�), either
alone or in combination with ribavirin. Anemia is the most
common adverse effect associated with ribavirin treatment,
and neuropsychiatric adverse effects of IFN-� lead to prema-
ture cessation of therapy in 10 to 20% of patients (9, 13).

As additional treatment options are urgently needed, there
is an ongoing search for more potent antiviral compounds with
fewer adverse effects. However, the search for improved anti-
viral agents is hampered by the limited and cumbersome prop-
agation of HCV in vitro (4). Therefore, surrogate models such
as the HCV RNA replicon that replicates in the human hep-
atoma cell line Huh7 have been developed (6, 29). Improved
versions of these HCV replicons contain adaptive mutations
(25), and their use has facilitated the evaluation of candidate
anti-HCV drugs.

Bovine viral diarrhea virus (BVDV) is one of the best char-
acterized members of the Flaviviridae family and has one of the
largest RNA genomes (12.5 kb) in this family (8). This virus

has the remarkable property of existing as noncytopathic and
cytopathic (cpBVDV) biotypes, with cpBVDV strains showing
insertions or viral genome rearrangements at the junction site
between nonstructural protein 2 (NS2) and NS3 (32). BVDV
may provide a surrogate model for HCV, both for the molec-
ular study of viral proteins (33) and for the evaluation of
antiviral compounds (3, 7, 47).

In the search for therapeutic agents, any element that is
essential for viral (or replicon) RNA replication may be con-
sidered a drug discovery target. Such elements can be either
viral proteins (NS2-NS3 protease, NS3-NS4A serine protein-
ase, NS3 RNA helicase, or RNA-dependent RNA polymerase
[3, 24, 34, 36]), viral cis-acting RNA elements (internal ribo-
somal entry site [IRES] antisense oligonucleotides or ri-
bozymes [1, 26]), or cellular elements (IFN-�, ribavirin, and
IMP dehydrogenase [EC 1.1.1.205] inhibitors [18, 31, 41, 43]).
Current knowledge of the human genome, combined with ar-
ray technology and pathogen infection models, will likely lead
to more defined host-pathogen-related targets for future drug
design (17, 23). Today, however, the most successful classes of
antiviral compounds with clinical utility in combat against
other human viral pathogens (human immunodeficiency virus
type 1 [HIV-1], hepatitis B virus [HBV], herpes simplex virus
[HSV], and cytomegalovirus) are the protease, the nonnucleo-
side analogue, and the nucleoside analogue inhibitors. As the
latter class of compounds is crucial in controlling herpesvirus,
HIV-1, and HBV infections, it is likely and anticipated that
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nucleoside analogue inhibitors will also play an important role
in the successful treatment of HCV.

The present report describes how a surrogate BVDV acute
infection system and a persistent HCV replicon RNA system in
Huh7 cells resulted in the discovery of a base- modified ribo-
nucleoside analogue, �-D-N4-hydroxycytidine (NHC).

MATERIALS AND METHODS

Synthesis of NHC and NHC-TP. synthesis of NHC and NHC-triphosphate
(NHC-TP) will be described elsewhere (K. A. Watanabe et al., unpublished
data). [3H]NHC was custom synthesized by radiolabeling at the 5 position of the
base (13 Ci/mmol) (Moravek, Brea, Calif.).

Anti-BVDV quantitative real-time RT-PCR (Q-RT-PCR) assay. Madin-Darby
bovine kidney (MDBK) cells (ATCC CCL22) were grown in Dulbecco’s modi-
fied Eagle’s medium-F12 (Gibco/BRL, Gaithersburg, Md.) supplemented with
10% heat-inactivated horse serum (Gibco/BRL). The cells were tested for
BVDV contamination by reverse transcriptase (RT) PCR as described previously
(45). cpBVDV was kindly provided by Ruben Donis, University of Nebraska.
cpBVDV was plaque purified three times on MDBK cell monolayers prior to
large-scale virus stock preparation.

Cells were seeded in 96-well plates at 5 � 103 cells/well and incubated for 1 h
(for the experiments on exponentially growing cells) or for 72 h (for experiments
on confluent cells). The monolayer was infected with cpBVDV at a multiplicity
of infection of 0.02 PFU/cell. After 45 min of infection, the viral inoculum was
removed and the cells were washed twice with culture medium. Medium or
medium containing test compound was added to these cells, followed by incu-
bation for 24 h (exponentially growing cells) or 72 h (confluent cell monolayer).
This difference in incubation time was determined after studying the dynamics of
virus release in cell supernatant; there was an approximately equal amount of
virus (copies/ml) produced in 24 h on exponentially growing cells as there was in
72 h on a confluent cell monolayer (data not shown). Cell culture medium was
collected and clarified by centrifugation (2 min, 3,000 � g, room temperature),
and viral RNA was prepared (QIAamp viral RNA mini kit; Qiagen, Valencia,
Calif.). Viral RNA was detected by Q-RT-PCR. Primers and probe were de-
signed for the BVDV NS5B region by using Primer Express software (Applied
Biosystems, Foster City, Calif.), the sense primer 5�-AGCCTTCAGTTTCTTG
CTGATGT-3�, probe 5�-6FAM-AAATCCTCCTAACAAGCGGGTTCCAGG-
TAMRA-3�, and the antisense primer 5�-TGTTGCGAAAGGACCAACAG-3�.
A standard curve with 1-log-diluted BVDV RNA from infected MDBK cells as
template was generated, and it showed a linear range of at least 6 log (data not
shown). Ribavirin (1-�-D-ribofuranosyl-1,2,4-triazole-3-carboxyamide; Schering-
Plough, Raritan, N.J.) was used as a positive control in these experiments.

BVDV single-cycle replication assay. MDBK cells (3 � 105 cells per 20-mm-
diameter well) were infected with cpBVDV in triplicate at a multiplicity of
infection of 2.5 PFU/cell. At 1 h after infection, the virus inoculum was removed
and the monolayers were washed twice with MDBK cell medium (1 ml). MDBK
cell medium supplemented with 0, 1, 2, 5, 10, or 20 �M NHC was added to the
cultures. At 24 h postinfection, the cultures were harvested and frozen at �70°C.
The cultures were thawed at 37°C and sonicated at 0°C. Cell debris was removed
by centrifugation at 1,000 � g for 10 min at 4°C, and virus yields in the super-
natant fluids were measured by plaque assay.

Plaque assay for BVDV. MDBK cell monolayers (3 � 105 cells per 20-mm-
diameter well) were infected with 100 �l of 10-fold serial dilutions of cpBVDV
suspended in medium. One hour after infection, the inoculum was removed, the
monolayers were washed once with MDBK cell medium, and 1 ml of MDBK cell
medium overlay containing 1% methylcellulose was added to the monolayers. As
most plaques were counted at the 10�4 dilution of virus suspension, the concen-
trations of NHC that might be carried over in the virus suspension were well
below that necessary to inhibit virus replication. Plaques were counted at 48 to
72 h postinfection.

BVDV resistance studies. MDBK cells were seeded at 4 � 105 cells per
35-mm-diameter dish, infected with cpBVDV at 0.01 to 0.05 PFU/cell in 0.5 ml
of medium, and incubated for 1 h at 37°C. The virus inoculum was removed, the
cultures were washed twice in 1� phosphate-buffered saline, and medium con-
taining 0, 2, 5, 10, 15, or 20 �M NHC was added. To generate resistant virus
stocks, BVDV was grown in the presence of increasing concentrations of NHC.
The cultures were incubated at 37°C until complete cytopathic effect (CPE) was
achieved. Virus suspensions were generated by scraping the infected cells into
the medium and freezing the samples at �70°C. The samples were thawed and
sonicated. Cell debris was removed by centrifugation at 1,000 � g for 10 min at
4°C, and virus yields in the supernatant fluids were determined by plaque assays.

Virus suspensions from samples that showed complete CPE and had titers of
�103 were used to infect fresh MDBK cell monolayers.

HCV replicon assay. HCV replicon RNA-containing Huh7 cells (clone A cells;
Apath, LLC, St. Louis, Mo.) were kept at exponential growth in Dulbecco’s
modified Eagle’s medium (high glucose, no pyruvate) containing 10% fetal
bovine serum, 1� nonessential amino acids, penicillin-streptomycin-glutamine
(100 U/ml, 100 �g/ml, and 0.292 mg/ml, respectively), and G418 (500 to 1,000
�g/ml). Antiviral assays were performed in the same medium without G418.
Cells were seeded in a 96-well plate at 1,000 cells per well, and test compounds
were added immediately after seeding. Incubation times differed according to the
type of experiment. At the end of the incubation step, total cellular RNA was
isolated (RNeasy 96 kit; Qiagen). Replicon RNA and an internal control (Taq-
Man rRNA control reagents; Applied Biosystems) were amplified in a single-step
multiplex RT-PCR protocol as recommended by the manufacturer. The HCV
primers and probe were designed with Primer Express software (Applied Bio-
systems) and covered highly conserved 5�-untranslated region (UTR) sequences
(sense, 5�-AGCCATGGCGTTAGTA(T/A)GAGTGT-3�, and antisense, 5�-TT
CCGCAGACCACTATGG-3�; probe, 5�-FAM-CCTCCAGGACCCCCCCTCC
C-TAMRA-3�).

To express the antiviral effectiveness of a compound, the threshold RT-PCR
cycle of the test compound was subtracted from the average threshold RT-PCR
cycle of the no-drug control (	CtHCV). A 	Ct of 3.3 equals a 1-log reduction
(equal to the 90% effective concentration [EC90]) in replicon RNA levels. The
cytotoxicity of the test compound could also be expressed by calculating the
	CtrRNA values. The 		Ct specificity parameter could then be introduced
(	CtHCV � 	CtrRNA), in which the levels of HCV RNA are normalized for the
rRNA levels and calibrated against the no-drug control. Recombinant alpha
interferon-2a (IFN-�-2a) (Roferon-A; Hoffmann-La Roche, Inc., Nutley, N.J.)
served as a positive control.

Northern and Western blots. HCV replicon cells were grown in the presence
of 65 �M NHC for 4 days. For Northern blot analysis, total RNA was extracted
and manipulated according to the instruction manual in the NorthernMax-Gly
system for Northern blotting (Ambion, Austin, Tex.). Minus-strand RNA probes
were prepared by using a T7-RNA polymerase with the incorporation of
[�-32P]UTP (Maxiscript in vitro transcription kit; Ambion).

For Western blotting, cells were washed twice, trypsinized, collected by cen-
trifugation (14,000 � g, 1 min), and resuspended in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer (40) to a con-
centration of 104 cells/�l. Cellular proteins were separated by 8% polyacrylamide
gel electrophoresis and electroblotted onto a BA85 nitrocellulose membrane
(Schleicher and Schuell, Keene, N.H.). The membrane was blocked overnight in
1% blocker casein (Pierce, Rockford, Ill.)–0.1% Tween 20. The monoclonal
antibody 5B-3B1 (kindly provided by Darius Moradpour, Freiburg, Germany),
targeting an epitope in the NS5B protein, was diluted 1:10,000 in blocking
solution and incubated with the membrane for 2 h with agitation. The membrane
was washed four times with TNET (10 mM Tris-HCl [pH 7.5], 100 mM NaCl, 0.1
mM EDTA, 0.1% Tween 20) and incubated with 1:1,000� diluted secondary
antibody (goat anti-mouse immunoglobulin G-alkaline phosphatase; Pierce) in
TNET for 2 h. The blot was then washed four times with TNET and developed
with One Step Nitro Blue Tetrazolium–BCIP (5-bromo-4-chloro-3-indolylphos-
phate) (Pierce). The reaction was stopped by washing with 10 mM Tris-HCl (pH
7.5)–100 mM EDTA.

NS5B enzyme assay. The 21-amino-acid carboxy-terminal truncated NS5B
protein was cloned from the HCV replicon cells, modified with a six-His-terminal
tail, expressed in a prokaryotic expression vector (pQE60; Qiagen), and subse-
quently purified over a Talon cobalt affinity resin column (Clontech, Palo Alto,
Calif.). Purification was monitored by SDS-PAGE and Western blotting. The
resulting purified protein was dialyzed overnight against 50 mM sodium phos-
phate (pH 8.0)–300 mM sodium chloride–0.5% Triton X-100–50% glycerol–2
mM dithiothreitol. The dialysate maintained consistent activity for more than 6
months when stored at �20°C. Protein was quantified with the Coomassie Plus
protein assay reagent (Pierce) by using a bovine serum albumin standard from
the same supplier. This purified protein was then used in the RNA polymerase
activity assays with a purified T7-derived synthetic RNA molecule as template, as
described previously (39). NS5B assays used 200 ng of negative-strand IRES
RNA as template, 200 ng of purified NS5B protein, 20 U of Anti-RNase (Am-
bion), 500 �M GTP, 5 �M ATP and CTP, 2 �M UTP, 10 �Ci [�-32P]UTP (800
Ci/mmol and 20 mCi/ml; all nucleotides were obtained from Amersham Bio-
sciences, Piscataway, N.J.), 50 mM HEPES-NaOH (pH 7.5), 1 mM MgCl2, 0.75
mM MnCl2, and 2 mM dithiothreitol in a final volume of 20 �l. Reactions were
performed at 27°C for 2 h; these conditions were essentially as described previ-
ously and resulted in an endpoint detection assay (28, 30, 39). The reaction was
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terminated by the addition of 80 �l of 5 mM EDTA–0.1% SDS. The resulting
solution was extracted with 300 �l of Trizol-LS (Invitrogen Life Technologies,
Carlsbad, Calif.) and 80 �l of chloroform. RNA was precipitated from the
aqueous phase by the addition of 5 �g of glycogen (Ambion), 1/10 volume of 5
M ammonium acetate, and 1 volume of 2-propanol. This solution was stored at
�20°C for 1 h, and the RNA was collected by centrifugation at 13,100 � g. The
RNA pellet was washed with 70% EtOH and briefly air dried. RNA pellets were
resuspended in 5 �l of Gel Loading Buffer II (95% formamide, 0.025% xylene
cyanol, 0.025% bromophenol blue, 18 mM EDTA, 0.025% SDS; Ambion) and
heated to 100°C for 5 min. Samples were directly placed on ice for 2 min and
loaded on a 5% denaturing PAGE sequencing gel. Electrophoresis proceeded at
60 W constant power until the bromophenol blue was eluted. The gel was then
exposed for 1 h, and data was collected from a Molecular Dynamics model 625E
phosphorimager (Amersham Biosciences).

Uptake of NHC in HCV replicon cells. Confluent replicon cells were incubated
with 10 �M [3H]NHC (500 dpm/pmol) for specific time periods, after which the
cell layers were washed with cold phosphate-buffered saline. Nucleotides were
extracted by overnight incubation at �20°C in 60% MeOH (1 ml), followed by
1-h incubation (200 �l, 60% methanol) on ice. Extracts were combined, dried,
resuspended in water, and analyzed by high-performance liquid chromatography

on a Phenomenex 5-�m-diameter C18 (250 by 4.6 mm) column. The mobile
phase consisted of buffer A (25 mM ammonium acetate with 5 mM tetrabutyl
ammonium phosphate (TBAP), pH 7.0) and buffer B (methanol). Detection was
done at 238 nm. Elution was performed using a multistage linear gradient of
buffer B from 0 to 40% for 60 min at a flow rate of 1 ml/min. Radioactivity was
analyzed with the 500TR Radiometric Flo-One radiochromatography analyzer
(Packard Instrument Company, Inc., Meriden, Conn.). NHC-TP concentrations
were calculated by reference to the standard curves obtained by analyzing chem-
ically synthesized NHC-TP under similar conditions.

Cytotoxicity assays. MDBK, Huh7 cells, HCV replicon cells, HepG2 cells, or
human peripheral blood monocyte (PBM) cells (5 � 104 per well) were seeded
in 96-well plates in the presence of increasing concentrations of the test com-
pound and incubated in a 5% CO2 incubator at 37°C. After a 3-day incubation
for HepG2 cells or a 5-day incubation for PBM cells, cell viability was measured
in a colorimetric assay using the CellTiter 96 AQueous One Solution cell prolif-
eration assay (Promega, Madison, Wis.). Toxicity levels were expressed as the
concentration that inhibited cell growth by 50% (IC50).

Mitochondrial toxicity testing. Low-passage-number HepG2 cells were seeded
at 5,000 cells/well in collagen-coated 96-well plates. Test compounds were added
to the medium to obtain a final concentration of 10 �M. On culture day 7,
cellular nucleic acids were extracted (RNeasy 96 kit; Qiagen). The mitochondrial
cytochrome C oxidase subunit II (COXII) gene and the �-actin gene were
amplified from 5 �l of sample with a multiplex quantitative PCR protocol as
described previously (44). Lactic acid concentrations in the culture medium were
determined using the D-lactic acid–L-lactic acid UV method (R-Biopharm
GmbH, D-64293 Darmstadt, Germany).

Evaluation of toxicity in mice. Six-week-old female Swiss mice (SWR/J;
Charles River Laboratory, Wilmington, Mass.) were injected intraperitoneally
(i.p.) with 300 �l at doses of 0, 3, 10, 33, or 100 mg/kg of body weight/day for 6
days. Compound was dissolved in pyrogen-free, sterile 0.85% NaCl solution.
Animals were monitored every day for weight (loss or gain), ruffled fur, and
mortality up to 24 days after the end of treatment. The statistical significance of
changes in animal weight was evaluated by one-way analysis of variance using
Sigma Stat version 2.0 (SPSS Sciences, Chicago, Ill.). A P of 
0.05 was deemed
statistically significant. All experiments were conducted under the approval of
the Institutional Animal Care and Use Committee (IACUC) of the Department
of Veteran Affairs, Atlanta, Ga.

FIG. 1. Chemical structure of NHC.

FIG. 2. Antiviral effect of NHC on cpBVDV. EC90s mentioned in the text are deduced from the graphs. Error bars for all data points are
included but are very often less than the size of the symbol. (A) Dose-dependent viral RNA yield reduction in MDBK cell supernatant. Cell
supernatant fluids were harvested 24 h (on exponentially growing cells) or 72 h (on confluent monolayer cells) postinfection, and viral RNA levels
were quantified by Q-RT-PCR. The zero value corresponds to no drug added to the medium. ƒ, ribavirin (confluent cells); F, ribavirin
(exponentially growing cells); ■ , NHC (confluent cells); E, NHC (exponentially growing cells); �, control compound showing no activity. VL, viral
load; S.D., standard deviation. (B) Dose-dependent reduction of viral RNA in a yield reduction assay. cpBVDV was recovered from a single-cycle
infection assay, and the virus yield was titrated by means of a plaque assay. F, NHC; ■ , NN-DNJ (47).
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RESULTS

Anti-BVDV activity. During the course of evaluating our
nucleoside analogue library for the inhibition of cpBVDV rep-
lication, we discovered that NHC (Fig. 1) exhibits potent inhi-
bition of viral RNA production in MDBK cell supernatant.
NHC showed a dose-dependent inhibition of cpBVDV RNA
production, with an EC90 of 5.4 � 0.9 �M (Fig. 2A). In these
experiments, D-ribavirin, included as a positive control, had an
EC90 of 3.5 � 1.5 �M. Both NHC and ribavirin showed sig-
nificant toxicity in MDBK cells in exponential growth phase
(IC50 � 7 and 5 �M, respectively) but were essentially not toxic
when confluent cells were used (IC50 � 75 �M). On such a
monolayer of MDBK cells, NHC had an EC90 of 3.4 � 0.08
�M while ribavirin showed an EC90 of 6.8 � 0.08 �M against
cpBVDV.

The dose-dependent reduction of viral RNA after treatment
with NHC and N-nonyl-deoxynojirimycin (NN-DNJ) (47) was
also confirmed in a yield reduction assay (Fig. 2B). cpBVDV
was recovered from a single-cycle infection assay, and the virus
yield was titrated by plaque assay. NHC had an EC90 of 2 �M,
while the EC90 for NN-DNJ was approximately 67 �M. Note
that NN-DNJ (and other glucosidase inhibitors) inhibits viral
replication by reducing the infectivity of newly synthesized
virus particles with only a slight effect on viral RNA synthesis
in single-cycle virus yield assays (22). The results of the yield
assay were in agreement with those of the Q-RT-PCR assay,
which measured BVDV RNA levels.

Dynamics of the replicon RNA levels. As considerable incu-
bation time- dependent fluctuations in the amounts of HCV
RNA in replicon cells were observed (37), we designed a time
course experiment in which the cellular nucleic acids and the
HCV RNA dynamics in the replicon cells were studied in
detail. The dynamics of the HCV RNA levels increased in
parallel with the cell count (Fig. 3A). At day 7, a plateau level
was reached and then there was a steady decrease of HCV
RNA as the cells became confluent. Furthermore, exponen-
tially growing cells were seeded in 96-well plates and kept in
culture until a confluent monolayer of cells was visually ob-
served. Cells were harvested daily for 7 days, and the levels of
nucleic acids were determined (Fig. 3B). Based on the ampli-
fication results of the rRNA gene, it was calculated that HCV
replicon cells produced five cell generations (equivalent to five
PCR cycles) in 7 days, which corresponds to a doubling time of
approximately 28 h. Both the rRNA and HCV RNA levels
followed slopes similar to those for the rRNA gene, as further
demonstrated by the slope of the 	Ct curves. In these exper-
iments, the selected seeding and assay conditions (see Mate-
rials and Methods) stabilized the HCV RNA levels over a
period of at least 7 days, a prerequisite for reliable compound
evaluation in this system.

Anti-HCV RNA effect of NHC on HCV replicon cells. HCV
RNA levels were evaluated in the presence of NHC over a
period of 12 days (Fig. 4A). The 		Ct values for HCV in the
absence of any drug (		Ct(HCV Ct�rRNA Ct�no-drug Ct)) were
close to zero for up to 8 days, indicating that the HCV RNA
level was constant. However, from day 9 onwards, when the
cells reached confluency, a decrease in intracellular HCV
RNA was observed, as indicated by an increase in the 		Ct
value. In parallel, cells were treated with 10 or 100 �M NHC,

which resulted in an ongoing reduction in HCV RNA levels
(Fig. 4A). In the 10 �M experiment, the slope of the curve did
not change for up to 8 days and hence a new steady-state level
of the intracellular RNA ratio (HCV/rRNA) was not reached.
Clearly, treatment with NHC resulted in a 		Ct value of �3.3
at day 8 (or an EC90 of 10 �M at day 8). Based on similar
experiments (data not shown), including dose response curves
for NHC and with harvesting at day 4, we concluded that this
nucleoside analogue showed the following antiviral and selec-
tivity index characteristics: (i) an EC50 of 0.7 �M and EC90 of
5 �M, calculated from 	Ct(HCV Ct�no-drug Ct), and (ii) an
EC50 of 1.6 �M and EC90 of 65 �M, calculated from
		Ct

(HCV Ct�rRNA Ct�no-drug Ct)
.

As a comparison for the day 4 antiviral effect of NHC,
IFN-�-2a (100 IU/ml) and ribavirin (100 �M) were tested four
times and average 		Ct values of 5.07 � 0.67 and 1.22 � 0.67,
respectively, were obtained (Fig. 4A). Based on the 		Ct val-
ues of the dose response curves obtained at day 4, IFN-�-2a
showed an EC90 of 4.5 IU/ml while ribavirin resulted in an
EC90 of greater than 100 �M (data not shown).

FIG. 3. Dynamics of the cellular and HCV RNA levels. Ct, Q-RT-
PCR threshold cycle; 	Ct: subtraction of the one PCR threshold cycle
from another; S.D., standard deviation. (A) HCV replicon cells were
seeded at 104 cells per well in a 24-well plate. Cells were harvested
daily and counted, and total RNA was extracted. �, 	CtHCV(day x�day
0); Œ, number of viable cells per well. (B) Monitoring of the cellular
DNA and RNA levels over a 7-day period. Exponentially growing
HCV replicon cells were seeded at 103 cells/well in a 96-well plate and
harvested daily, and total RNA was extracted and quantified. �,
rRNA gene (DNA); ■ , rRNA; Œ, HCV; �, 	Ct(rRNA gene�rRNA); F,
	Ct(HCV�rRNA).
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Two other lines of evidence illustrate the antiviral effect of
NHC. In Northern blot analysis, a 4-day treatment of HCV
replicon cells at 65 �M resulted in reduction below the limit of
detection of positive-strand HCV, a condition that was similar
to the treatment of these cells with 100 IU of IFN-�-2a/ml (Fig.
4B). By Western blot analysis, no NS5B protein could be de-
tected under similar conditions (Fig. 4C). In addition, NHC
was tested in combination with IFN-�-2a and after 96-h incu-
bation, HCV RNA and rRNA were extracted and amplified
(Fig. 4D). The results indicate that the antiviral activity of
NHC is at least additive with that of IFN-�-2a (5).

The antiviral effect of NHC could be prevented by the si-
multaneous addition of cytidine or uridine to the cell culture
medium. Other natural nucleosides (guanosine, adenosine) or
2�-deoxynucleosides (2�-deoxycytidine, 2�-deoxyuridine, 2�-de-
oxyadenosine, 2�-deoxyguanosine, thymidine) had no effect on
the antiviral activity of NHC (Fig. 5A). Similarly, the reduction
in rRNA levels observed with NHC at 50 �M was also pre-

vented by the addition of cytidine and uridine. The prevention
of antiviral activity by cytidine or uridine was concentration
dependent, with cytidine being more effective than uridine
(Fig. 5B).

As stabilized conditions were established up to 8 days for
HCV RNA replicon dynamics (Fig. 3B and 4A), we designed
an experiment in which the rebound of the replicon after
cessation of treatment could be studied (Fig. 5C). HCV repli-
con cells were treated for 4 days with NHC or IFN-�-2a in
G418-free medium, after which the medium was replaced with
compound-free fresh assay medium. Initially, a 1-day extension
of the antiviral effect was observed (increase of 		Ct value up
to day 5), indicating that the intracellular active metabolite of
NHC had a sufficiently long half-life to support the antiviral
action. However, under all the conditions tested, the HCV
RNA replicon rebounded from day 6 onwards. Interestingly,
by the last day of possible testing (day 8), the replicon RNA
levels had not returned to pretreatment baseline levels. This

FIG. 4. Antiviral effect of NHC on HCV RNA levels. (A) Dynamics of the antiviral effect of NHC over a 12-day treatment period are shown.
		Ct(HCV Ct�rRNA Ct�no-drug Ct); �, no treatment; ■ , NHC at 10 �M; Œ, NHC at 100 �M. The antiviral activities at day 4 of IFN-�-2a (100 IU/ml
[left bar]) and ribavirin (100 �M [right bar]) are given as references. S.D., standard deviation. (B) Cells were treated for 4 days, followed by RNA
extraction and Northern blot analysis. The upper gel shows the positive-strand (�) HCV RNA with a hybridization signal at approximately 8 kb.
The lower gel shows the control hybridization of GAPDH mRNA at approximately 1.4 kb. Lane 1, parental Huh7 cell line; lane 2, HCV replicon
cells, untreated; lane 3, 100 IU of IFN-�-2a/ml; lane 4, 65 �M NHC. (C) Cells were treated for 4 days, followed by protein extraction and Western
blot analysis. The upper gel shows the �-NS5B reactivity of proteins transferred to the membrane; the lower gel is a Coomassie-stained gel
illustrating equal amounts of protein in each lane (total cellular protein equivalent of 5 � 104 cells per lane was loaded). Lane 1, recombinant HCV
NS5B protein; lane 2, parental Huh7 cell line; lane 3, HCV replicon cells, untreated; lane 4, 100 IU of IFN-�-2a/ml; lane 5, 65 �M NHC. (D) HCV
replicon cells were incubated with NHC and IFN-�-2a, either alone or in different combinations. After 94 h of incubation, total RNA was extracted
and amplified in multiplex conditions. Analysis was performed by using Combostat software (Jasper, Ga.) (5).
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suggests that treatment with NHC and IFN-�-2a might have a
durable effect on the replicon copy numbers after cessation of
therapy. These experiments were repeated under G418 condi-
tions, and similar results were obtained (data not shown).

NHC was essentially inactive against HIV-1 in human PBM
cells (EC90 � 82.4 �M) and HBV in HepG2 cells (EC90 � 100
�M) as determined by using assays previously described (42,
44). NHC had modest activities against HSV type 1 (F strain)
and HSV type 2 (G strain) in a plaque assay using Vero cells,
with EC50s of 26 and 22 �M, respectively (data not shown).

Intracellular metabolism. HCV replicon cells were treated
with 10 �M 3H-labeled NHC, and intracellular nucleotide lev-
els were determined after 1-, 2-, and 8-h incubations. In trip-
licate experiments, NHC was rapidly converted into the mono-,
di-, and triphosphate, reaching up to 71.12 � 22.66 pmol of
NHC-TP/106 cells after 8-h incubation (details on cellular
pharmacology will be published elsewhere [B. I. Hernandez-
Santiago et al., unpublished data]). As high levels of NHC-TP
in HCV replicon cells were detected, it is anticipated that

NHC-TP is the molecular form responsible for the antiviral
activity in the replicon system.

Effect of NHC-TP activity on the HCV NS5B enzyme. Chem-
ically synthesized NHC-TP was used to study the potential
inhibition of the in vitro polymerization reaction of the NS5B
protein (Fig. 6). A T7-derived RNA template consisting of the
negative-strand 5� UTR of HCV was used in assay conditions
essentially as previously described (39). NHC did not appear to
inhibit the polymerization reaction when added to the standard
buffer conditions, even at concentrations of 40 �M (EC50s �
40 �M) and with a 2-h incubation time. Since this NS5B assay
is considered an endpoint assay, the results in Fig. 6A do not
allow us to draw conclusions about the kinetics and the possi-
bility of NHC being a competitive inhibitor. There was, how-
ever, a concentration-dependent increase in the apparent mo-
lecular weight of the product compared to that of the template
when analyzed under standard PAGE conditions (7 M
urea–5% acrylamide) (Fig. 6A). Under reaction conditions
without CTP (Fig. 6A, lane 9), a very faint but distinct poly-

FIG. 5. Prevention and rebound of the anti-HCV RNA effect of NHC. HCV replicon cells were treated for 4 days with or without simultaneous
incubation of natural nucleosides or deoxynucleosides at 50 �M. (A) Plot showing the differences in Ct outcomes in the different settings with 50
�M NHC. Œ, 	Ct(rRNA Ct�no-drug Ct); F, 	Ct(HCV Ct�no-drug Ct). No, incubation with NHC but no competitive nucleosides added; C, cytidine; G,
guanosine; A, adenosine; U, uridine; C,G,A,U, mix of the four nucleosides each at 25 �M; dU, 2�-deoxyuridine; dC, 2�-deoxycytidine; dA,
2�-deoxyadenosine; dG, 2�-deoxyguanosine, T, thymidine; dC,dG,dA,T, mix of the four deoxynucleosides each at 25 �M. (B) Dose-dependent
antiviral prevention by adding natural nucleosides to the culture medium already containing 100 �M NHC. ■ , uridine; �, cytidine. (C) Rebound
effect of HCV replicon after removal of NHC from culture supernatant. �, no-drug control; ■ , 33 �M NHC; F, 100 �M NHC; Œ, 100 IU of
IFN-�-2a/ml. S.D., standard deviation.
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merization product was observed, suggesting that NHC-TP
could act as a weak alternative substrate. Incorporation of
NHC-TP instead of CTP should increase the molecular weight
of the polymerization product by 16 (one extra oxygen) for
each event, but this could not explain the observed electro-
phoretic shift. If all C residues were replaced by NHC, the
molecular weight should have changed by 1,584 (16 � 99) at
the maximum. Therefore, it was postulated that the PAGE
conditions did not completely denature the 5� UTR stem-loop
structures and that the polymerization product might be mi-
grating as a result of secondary structure and not molecular
size. PAGE analysis of the products under more stringent
denaturation conditions (7 M urea, 45% [vol/vol] formamide,
5% acrylamide) showed that there were almost no differences
in migration between reactions with and without NHC (Fig.
6B). Taken together, these results suggest that, when NHC-TP
is incorporated, the secondary and/or tertiary stability of the
IRES is changed, which can be visualized under certain PAGE
conditions.

Attempts to select NHC-resistant HCV replicon and BVDV.
To examine whether NHC treatment permitted the selection
of resistant replicon mutants, replicon-containing cells were
maintained in exponential-growth conditions in the presence
of a constant concentration of G418 (500 �g/ml) and increas-
ing concentrations of NHC (Fig. 7A). This treatment schedule
resulted in significant cell death as the concentration of com-
pound was increased. The maximum tolerated concentration
of NHC under these conditions was 40 �M. Huh7 replicon
cells from several passages were tested for sensitivity to the
antiviral activity of NHC. No reduction in sensitivity was ob-
served for any passage tested (Fig. 7B). For example, cells

collected at passage 45 were seeded side by side with untreated
cells and tested for sensitivity in the presence of 100 �M NHC.
These results showed that (i) the HCV replicon in the selected
cells is still sensitive to the compound (no change in EC90) and
(ii) the initial reductions in rRNA levels appeared to be less
prominent in the passage-45-selected cells. In addition, the
entire NS5B gene was sequenced from the replicon at passage
45 and there was only 1 nucleotide change detected com-
pared to that for HCV RNA obtained from untreated cells
(H375CAC 3 CAT). These results suggest that, instead of select-
ing for a resistant HCV replicon, cells with increased resistance
to NHC were selected.

Similarly, cpBVDV was also passaged in the presence of
increasing concentrations of NHC in MDBK cells (Fig. 6C and
D). At concentrations of NHC above 5 �M, the virus-associ-
ated CPE was delayed by 24 to 48 h and often did not reach
completion. At each passage, the concentration of NHC was
increased to the next highest concentration unless the virus
yields dropped below 103 PFU/ml. When this occurred, virus
suspensions from samples grown at the next lowest concentra-
tion of compound were used to infect MDBK cells for the next
passage (Fig. 7C). The virus preparation at passage 20 was
tested for reduced sensitivity in a 24-h virus yield assay in
comparison with that for untreated cpBVDV. Both viral pools
exhibited a similar sensitivity profile when tested against in-
creasing concentrations of NHC (Fig. 7D). Thus, attempts to
select NHC-resistant cpBVDV were unsuccessful.

Toxicity of NHC. In standard 3- or 4-day toxicity assays in
parental Huh7 cells, HCV replicon cells, HepG2 cells, or hu-
man PBM cells, NHC did not show any remarkable toxicity
(IC50s � 100 �M). However, in several of the experiments

FIG. 6. Cell-free HCV NS5B polymerization reactions in the presence of NHC-TP. Synthetic 5�-UTR IRES template was incubated under
conditions supporting NS5B enzyme polymerization in the presence of increasing concentrations of NHC-TP. (A) Gel electrophoresis conditions:
7 M urea–5% acrylamide. [�-32P]UMP-labeled positive-strand RNA template (artificial RNA derived from an SP6 template) used as size marker
(lane 1), polymerization reactions without negative-strand RNA template (lane 2), and polymerization reactions including negative-strand RNA
template but with a deficient enzyme (site-directed mutagenesis of the active center from G317D318D319 to G317A318A319) (lane 3) are shown.
Full-length polymerization products in the absence of NHC-TP (lane 4), in 5 �M NHC-TP (lane 5), in 10 �M NHC-TP (lane 6), in 20 �M NHC-TP
(lane 7), in 40 �M NHC-TP (lane 8), and in 40 �M NHC-TP and the absence of CTP (lane 9) are shown. (B) Gel electrophoresis conditions: 7
M urea–45% (vol/vol) formamide–5% acrylamide. [�-32P]UMP-labeled positive-strand RNA template (artificial RNA derived from an SP6
template) used as size marker is shown (lane 1). Full-length polymerization products in the absence of NHC-TP (lane 2), in 10 �M NHC-TP (lane
3), and in 20 �M NHC-TP (lane 4) are shown.
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performed with Q-RT-PCR, a modest reduction in rRNA lev-
els could be detected at concentrations greater than 50 �M
(for examples, see Fig. 5A and 7B), indicating some toxicity at
the molecular level.

As the intracellular metabolism studies showed that the
compound was phosphorylated to the NHC-TP form, we ques-
tioned whether this metabolite could potentially interfere with
the synthesis of mitochondrial nucleic acids (mitDNA and
mitRNA). Therefore, HepG2 cells were treated with 0.1, 1, or
10 �M of NHC for 7 days and mitochondrial COXII RNA and
DNA levels were determined relative to the concentrations of
�-actin DNA (Fig. 8) (44). The results demonstrated that,
whereas �-D-2�,3�-dideoxycytidine (D-DDC) results in a signif-
icant reduction in mitDNA levels (and as a consequence of
this, also in mitRNA levels), NHC did not change the mitDNA
or mitRNA levels at the highest concentration tested. In ad-
dition, the 7-day cell supernatant for the 10 �M experiment
was tested for the presence of total D- and L-lactic acid and the
following results were obtained: 0.61, 1.74, 3.54, and 1.72 �g/�l
for control medium (no cells), the no-drug control, D-DDC,
and NHC, respectively. Thus, no increase in lactic acid pro-
duction was observed after incubation with NHC.

To determine the potential toxicity of NHC in small animals,
five groups of six 6-week-old female Swiss mice (SWR/J) were
treated i.p. at doses of 0, 3, 10, 33, or 100 mg/kg/day for 6 days
(Fig. 9). All the animals survived the 6-day treatment and the
24-day monitoring period. A statistically significant decrease in
weight gain was observed in the 100 mg/kg/day group during
the treatment period. However, all animals recovered when
treatment was stopped, and at the end of the second week (day
14), their weight was similar to that of mice in the no-drug
control treatment group. The no-observed-effect dose level for
NHC in this experiment was 33 mg/kg/day.

DISCUSSION

We describe for the first time a base-modified nucleoside
analogue with the capacity to reduce HCV replicon RNA lev-
els in Huh7 cells. The data on NHC can be summarized as
follows. (i) In an acute BVDV infection system, EC90s of 5.4 �
0.9 and 3.4 � 0.08 �M on exponential-phase and confluent
cells, respectively, were obtained. (ii) In a persistent HCV
replication system in Huh7 cells, an EC90 of 5 �M (based on
	CtHCV) was obtained after 96-h incubation, the results fur-

FIG. 7. Long-term treatment of HCV replicon cells with NHC. (A) HCV replicon cells were incubated for the indicated passage number in the
presence of G418 (500 �g/ml). The cells were passaged at a ratio of 1:3 during the whole incubation period. (B) Results of an antiviral sensitivity
assay are shown. Untreated and NHC-pretreated HCV replicon cells were seeded in a 96-well plate at 103 cells per well in presence or absence
of 100 �M NHC and incubated for 96 h. The ratio HCV RNA to rRNA levels were determined by Q-RT-PCR. ■ , 	Ct(rRNA Ct�rRNA-untreated Ct);
�, 	Ct(HCV Ct�rRNA-untreated Ct). S.D., standard deviation. (C) cpBVDV was grown in the presence of increasing concentrations of compound for
20 passages. (D) cpBVDV, harvested at passage 20, was tested in a 24-h virus yield assay. ■ , passage 20 virus; �, control virus.
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ther confirmed by Northern and Western blotting. (iii) The
compound interacted at least additively with IFN-�-2a. (iv)
The antiviral effect could be prevented only by the addition of
uridine or cytidine to culture medium. (v) High levels of

NHC-TP were formed in HCV replicon cells. (vi) NHC-TP
was unable to inhibit the polymerization reaction in in vitro
NS5B assays. (vii) NHC-TP served with low efficiency as an
alternative substrate to CTP. (viii) Attempts to raise resistant
HCV replicon RNA or BVDV RNA were unsuccessful. (ix)
Although modest reductions in rRNA levels in HCV replicon
cells were observed, there were no obvious toxicities in cell
proliferation assays or in mitochondrial functions (no changes
in DNA, RNA, or lactic acid levels at 10 �M for 7 days). (x)
Finally, the no-effect dose level in mice after 6 days i.p. was 33
mg/kg/day.

The compound appears to be RNA virus specific (hepacivi-
rus and pestivirus) and was essentially inactive against HIV-1,
HBV, and HSV. The mechanism by which the compound in-
hibits virus replication is unclear. NHC clearly interacts with
cytoplasmic RNA metabolism (e.g., the HCV RNA replicon),
although no direct inhibition of the NS5B polymerase was
demonstrated in the endpoint detection assay. There are sev-
eral other possibilities of action, either through direct interac-
tion with viral proteins (e.g., NS3-encoded helicase protein),
through interaction with host cell proteins (replicon RNA
binding, translation, or nucleotide metabolism), or indirectly
through the incorporation and disruption of important second-
ary or tertiary structures of HCV RNA.

Our experiments showed that NHC-TP is not an inhibitor of
the NS5B polymerase but that it did act as an alternative
substrate with very low efficiency. As NHC-TP is formed in-
tracellularly at levels in the range of 71 � 22.7 pmol/106 cells
after 8 h of incubation, they could compete with the intracel-
lular CTP levels (range, 77 � 6.98 pmol/106 cells in PBM cells
[14]) and occasionally get incorporated into HCV replicon
RNA. Such base-modified HCV RNA templates could subse-
quently suffer from the changed stability of IRES stem-loop
structures, leading to the reduction of ribosome entry, differ-
ences in translation initiation and elongation, changes in the
recognition of the amino acid-tRNA molecules, and changes in
the secondary structure of the 3� UTR (16), thereby affecting

FIG. 8. Relative mitDNA and mitRNA levels. HepG2 cells were
exposed for 7 days to 0.1, 1, or 10 �M concentrations of compound,
and the ratio of mitochondrial to nuclear nucleic acids was determined.
D-DDC, ribavirin, and 3�-deoxycytidine (3�-dC) were included as con-
trols. (A) Ratio of COXII DNA to �-actin DNA levels;
		Ct

(COXII Ct��-actin Ct�no-drug control Ct)
. (B) Ratio of COXII to �-actin RNA

levels (RT-PCR).

FIG. 9. NHC i.p. treatment in mice. Mice were injected i.p. with NHC on day 0 to day 5 (ip treatment), and changes in weight were monitored
on the indicated days. �, 0 mg/kg/day; Œ, 3 mg/kg/day; F, 10 mg/kg/day; ■ , 33 mg/kg/day; �, 100 mg/kg/day; *, significantly different from control
(P 
 0.05). For clarity, standard deviations (S.D.) are only shown for the 0-mg/kg/day and 100-mg/kg/day treatment groups.
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the initiation of replication. Furthermore, the processivity and
reliability of copying the viral template can be changed, result-
ing in an increased mutagenicity rate (because NHC behaves
as either cytosine or uracil [27]) leading to a C3 U transition
and forcing the replicon into “error catastrophe,” essentially as
has been described previously for ribavirin (10, 11). Previously,
NHC has been found to be a powerful mutagen of the base-
analog type in Escherichia coli K12, Salmonella enterica serovar
Typhimurium, and Neurospora crassa and results mainly in
AT-to-GC transitional alterations (12, 19, 20, 21, 38). The
�-D-N4-aminocytidine, a nucleoside analogue with an excep-
tionally high mutagenic activity at least 2 orders of magnitude
greater than that of NHC (35) has been found inactive in the
HCV replicon system (data not shown), suggesting that com-
pounds with a mutagenic character in bacteria cannot directly
be seen as viral mutagens in eukaryotic cells.

Another possible mechanism of action of NHC can be as an
antimetabolite. A typical example for this group of compounds
is ribavirin. Ribavirin (43) is a broad-spectrum agent against a
variety of RNA viruses (HCV, respiratory syncytial virus, lassa
fever virus) through several mechanisms, including the inhibi-
tion of viral RNA transcription, elongation, cap formation, and
mutagenicity. The major event occurring in cells exposed to
this compound is the intracellular activation by the adenosine
kinase to ribavirin-monophosphate (46) and inhibition of the
IMP dehydrogenase enzyme in a substrate-type-dependent
manner, resulting in depletion of the GTP and dGTP pools
(31). However, in our assays, we showed an antiviral effect of
ribavirin in the BVDV system (EC90 � 3.5 � 1.5 �M) (Fig.
2A), but there was no specific antiviral effect in the HCV
replicon RNA assay, as measured by the 		Ct method (EC90

� 100 �M) (Fig. 4A). NHC could act in a way similar to
ribavirin but with a more profound effect on the HCV replicon
RNA levels. In this hypothesis, NHC metabolites act with a
cellular enzyme involved in the de novo synthesis of purine
(most likely not GTP, as the activity was not reversed by pu-
rines) or pyrimidine triphosphates, resulting in the specific
depletion of such natural NTPs. For comparison, a molecule
closely related to NHC, the 2�-deoxy analogue of NHC in its
5�-monophosphate form (dNHC-TP), was reported to be a
strong inhibitor of thymidylate synthase (TS) (EC 2.1.1.45)
(15). When this compound was tested in the replicon system
together with the TS inhibitors �-D-2�-deoxy-5-fluorouridine
and �-D-5-fluorouridine, all three compounds were found in-
active (		Ct at day 4; EC90 � 100 �M) (data not shown),
suggesting that TS inhibition does not influence HCV replicon
levels. This is not surprising, since the thymidine-related path-
way typically does not lead to the precursors needed in RNA
synthesis.

In summary, we describe a base-modified nucleoside ana-
logue NHC with anti-BVDV and anti-HCV activities. The
detailed mechanism of action remains to be determined, but
our results suggest that NHC acts as a weak alternative sub-
strate for the viral polymerase.
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